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Vincent Haufroid1,6, Etienne Marbaix3, Antoine Thill4, Dominique Lison1 and J?r?me Rose 2,5Abstract
Background: Ge-imogolites are short aluminogermanate tubular nanomaterials with attractive prospected industrial
applications. In view of their nano-scale dimensions and high aspect ratio, they should be examined for their potential
to cause respiratory toxicity. Here, we evaluated the respiratory biopersistence and lung toxicity of 2 samples of
nanometer-long Ge-imogolites.
Methods: Rats were intra-tracheally instilled with single wall (SW, 70 nm length) or double wall (DW, 62 nm length)
Ge-imogolites (0.02-2 mg/rat), as well as with crocidolite and the hard metal particles WC-Co, as positive controls. The
biopersistence of Ge-imogolites and their localization in the lung were assessed by ICP-MS, X-ray fluorescence,
absorption spectroscopy and computed micro-tomography. Acute inflammation and genotoxicity (micronuclei in
isolated type II pneumocytes) was assessed 3 d post-exposure; chronic inflammation and fibrosis after 2 m.
Results: Cytotoxic and inflammatory responses were shown in bronchoalveolar lavage 3 d after instillation with
Ge-imogolites. Sixty days after exposure, a persistent dose-dependent inflammation was still observed. Total lung
collagen, reflected by hydroxyproline lung content, was increased after SW and DW Ge-imogolites. Histology revealed
lung fibre reorganization and accumulation in granulomas with epithelioid cells and foamy macrophages and
thickening of the alveolar walls. Overall, the inflammatory and fibrotic responses induced by SW and DW Ge-imogolites
were more severe (on a mass dose basis) than those induced by crocidolite. A persistent fraction of Ge-imogolites (15%
of initial dose) was mostly detected as intact structures in rat lungs 2 m after instillation and was localized in fibrotic
alveolar areas. In vivo induction of micronuclei was significantly increased 3 d after SW and DW Ge-imogolite instillation
at non-inflammatory doses, indicating the contribution of primary genotoxicity.
Conclusions: We showed that nm-long Ge-imogolites persist in the lung and promote genotoxicity, sustained
inflammation and fibrosis, indicating that short high aspect ratio nanomaterials should not be considered as innocuous
materials. Our data also suggest that Ge-imogolite structure and external surface determine their toxic activity.
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The health hazards of nanomaterials (NM) are subject
to intense research efforts, and high aspect ratio NM
(HARN, including nanotubes) have received particular
attention because of their potential to cause adverse ef-
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cer and mesothelioma. HARN (carbon nanotubes CNT
and silver nanowires) longer than 15 or 5 μm persist for
extended periods in the lung or pleura, respectively, and
induce local inflammation [1-3] and fibrosis [1,2,4-7], in-
dicating that HARN length is a crucial determinant of
their toxicity [1,8,9].
Imogolites occur naturally as single wall (SW) tubular
aluminosilicates that can be classified as HARN and dis-
play some structure and composition similarities to as-
bestos. Their length can vary from a few nm to severalntral. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
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of industrial applications are in prospect for imogolites
because of their electrical, mechanical and chemical
properties, including their use as catalyst support and
gas storage materials [10]. Imogolites can also be synthe-
tized in a controlled manner as SW or double wall
(DW) nanotubes, and with an improved yield by substi-
tuting Si by Ge [11,12].
In the present study, we examined the lung toxicity of
nanometer-long SW and DW Ge-substituted imogolites.
We report that Ge-imogolite nanotubes induce severe
pulmonary inflammation, fibrosis and genotoxicity in
rats, indicating that short HARN also represent a poten-
tial risk for human health. We additionally used, for the
first time, 2D and 3D X-ray imaging techniques to dem-
onstrate that intact Ge-imogolite structures persist in
the lung tissue.
Results and discussion
Samples of SW and DW Ge-substituted imogolites were
synthesized as concentrated suspensions and character-
ized as described below (Table 1). Outer wall diameter
and number of walls were measured by small angles X-
ray scattering (SAXS), tube length distribution by atomic
force microscopy (AFM) and concentration in suspension
(g Ge-imogolites/l) by inductively coupled plasma-mass
spectrometry (ICP-MS, see Additional file 1: Figure S1
and Additional file 2). The mean length, diameter andTable 1 Physico-chemical characteristics of Ge-imogolites, cro
SW imogolites DW
Diameter 3.8 nma 4.3
Length 70 nm ? 31 d 62
External surface 837.5 nm2/tubee 843
Number of Ge/ringg 19 22
Number of ring/tubeg 210 186
Mass per tubeh 1.61 ? 10 −18 g 2.4
Concentrations
g Ge/li 2.3 2.2
g Ge-imogolites/lj 7.68 7.3
tubes/g Ge-imogolitesk 6.22 ? 10 17 4.0
nm2/gl 5.21 ? 10 20 3.4
m2/g 5.21 ? 10 11 3.4
aOuter wall diameter for imogolites measured by SAXS.
bGeometric mean ? standard deviation.
cd50.
dMean ? standard deviation measured by AFM.
eTheoretical external surface (S = π d L).
fSpecific surface area [29,30].
gBased on SAXS curve modeling.
hNumber of Ge/ring x number of ring/tube x Al2GeO3(OH)4 total MW (242.63 g/mol
iConcentrations of stock suspensions determined by ICP-MS.
jImogolite concentrations were calculated based on the elementary composition of Ge
kCalculated from the mass per tube.
lExternal surface area/g calculated from tubes/g Ge-imogolites and theoretical extertheoretical external surface of SW and DW Ge-imogolites
were similar and the number of SW nanotubes per g of
Ge-imogolites was 1.54 higher than for DW (Table 1).
Total external surface per g SW Ge-imogolites (specific
external surface area) was accordingly higher than for
DW. Both size distributions were broad, ranging from
very short (below 40 nm) to short tubes (100? 200 nm),
though SW tube distribution was multimodal and much
wider than for DW, in accordance with very broad and
dissymmetric length distributions reported previously
[13,14].
An intra-tracheal instillation model was used for this
first in vivo study because Ge-imogolites were produced
in suspension and in small amounts. Because respiratory
toxicity of inhaled materials is often associated with their
biopersistence, we first assessed the biopersistence of
Ge-imogolites in rat lungs by measuring Ge content by
ICP-MS directly after an intra-tracheal instillation of a
non-inflammatory dose (0.02 mg Ge-imogolites, equiva-
lent to 6 μg Ge/rat) as well as after 15 and 60 d. No sig-
nificant inflammatory lung response was observed 3 d
after instillation of this dose (Figure 1). Additional file 3:
Figure S2 A and B show that 5 μg Ge were recovered
from the lung immediately after instillation. After 15 d,
approximately 60% of this initial Ge dose was measured
in lungs and 15% after 60 d, indicating half-lives of 21
and 24 d, for SW and DW Ge-imogolites respectively, as
determined by non-linear regression. Thus, Ge-imogolitecidolite and WC-Co
imogolites Crocidolite WC-Co
nma 330 nm ? 2.1 b 2 μmc
nm ? 19 d 2.5 μm ? 2 b -
.74 nm2/tubee 8 m2/gf 1.76 m2/gf
+ 11 - -
- -
7 ? 10 −18 g - -
- -
3
5 ? 10 17
1 ? 10 20
1 ? 10 11
) / NA (6.022 ? 10
23 tubes/mol).
-imogolites (Al2GeO3(OH)4, total MW= 242.63 g/mol and Ge MW= 72.64 g/mol).
nal surface.
Figure 1 Ge-imogolites induce a strong inflammation in rat lungs 3 d after intra-tracheal instillation. Wistar rats were intra-tracheally instilled
with NaCl (controls), 2 mg crocidolite, 0.02 to 2 mg SW and DW Ge-imogolites. Inflammation was investigated in the BAL after 3 d. (A) LDH
activity and (B) total proteins measured in BALF. BAL number of (C) total cells, (D) macrophages, (E) neutrophils and (F) lymphocytes. *P < 0.05,
**P < 0.01 and ***P < 0.001 relative to NaCl-treated rats (Dunnett multiple comparisons test between NaCl and Ge-imogolite-treated rats or t-test
between NaCl and crocidolite-treated rats, n = 3? 6, means ? SEM).
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course reported for non-soluble inhaled particles [15] and
some CNT [16,17]. In blood, Ge was detected 3 d after in-
stillation of Ge-imogolites while very low amounts were
found after 60 d (Additional file 3: Figure S2C). Low
levels of Ge were measured in peripheral organs after
60 d (Additional file 3: Figure S2D).
To assess the lung response, rats were intra-tracheally
instilled with 0.02-2 mg SW or DW Ge-imogolites, a
dose range selected from a recent study with CNT [4].
The acute pulmonary response was studied after 3 d in
comparison to 2 mg crocidolite selected as a positive
control (Figure 1). Cytotoxicity and alveolo-vascular in-
tegrity were assessed by measuring LDH activity released
from damaged cells and total protein concentration in
BALF, respectively. Compared to control rats (NaCl),
these markers increased in a dose-dependent manner
except at the highest dose tested. The highest dosesuspensions (2 mg suspended in 300 μl NaCl) prepared
for instillation were thicker than other suspensions. It is
known that imogolites can occur naturally as gels and
can form gels under certain conditions [18,19]. Thus,
the instillation of 2 mg may have induced a weaker re-
sponse for some parameters. SW and DW Ge-imogolites
induced an inflammatory cell recruitment in the alveoli,
mainly composed of macrophages and neutrophils
whereas crocidolite mainly induced a neutrophil re-
cruitment. A weak but significant lymphocyte increase
also occurred 3 d after Ge-imogolite instillation. Proto-
typic pro-inflammatory cytokines interleukin (IL-) 1β,
tumor necrosis factor (TNF) -α and IL-6 were mea-
sured in BALF by enzyme-linked immunosorbent as-
says (ELISA). While TNF-α levels were below the limit
of detection in all samples, IL-1β and IL-6 increased at
low Ge-imogolite doses but then dropped to zero or to
the control level (Figure 2A and C). Since imogolites
Figure 2 Ge-imogolites induce inflammatory cytokine secretion in rat alveoli 3 d after intra-tracheal instillation. Wistar rats were
intra-tracheally instilled with NaCl (controls), 2 mg crocidolite, 0.02 to 2 mg SW and DW Ge-imogolites. Inflammatory cytokines were quantified by
ELISA in the BALF after 3 d. BALF (A) IL-1β and (C) IL-6. (B) IL-1β and (D) IL-6 curves obtained from cytokine standards diluted with BALF from
NaCl, 2 mg crocidolite, 0.1 mg SW and 0.2 mg DW Ge-imogolite-exposed rats. *P < 0.05 and **P < 0.01 relative to control rats (Dunnett multiple
comparisons test between NaCl and Ge-imogolite-treated rats or t-test between NaCl and crocidolite-treated rats, n = 4, means ? SEM).
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they could interfere with the assay. Therefore, ELISAs
were performed on protein standards diluted with
BALF (see methods) and IL-1β and IL-6 standard
curves were compared. Crocidolite and 0.1 mg SW Ge-
imogolite BALF reduced IL-1β and IL-6 signals suggesting
that the secretion of these cytokines was underestimated by
the ELISA results (Figure 2B and D). DW Ge-imogolites
at the instillation dose of 0.2 mg did not modify IL-1β
and IL-6 signals, indicating that the cytokine increase
observed at this dose is not an artifact. However, we
cannot exclude the interference of the assay with DW
Ge-imogolites at higher doses. Indeed, IL-6 standard
signals were dose-dependently reduced in the presence
of DW Ge-imogolites (data not shown), indicating that
IL-1β and IL-6 might also be underestimated in DW
Ge-imogolite BALF.
Chronic inflammatory and fibrotic lung responses in
the lungs were assessed 60 d after instillation with 0.2
and 1 mg SW and DW Ge-imogolites per rat. Total pro-
teins and BAL inflammatory cells remained elevated 60
d after instillation, the response after SW Ge-imogolites
being more severe than after DW (Figure 3A and B).
LDH data were very similar to total proteins (data not
shown). BAL neutrophils and lymphocytes were in-
creased after SW and DW Ge-imogolites at the dose of
1 mg, whereas macrophages were elevated only after
1 mg SW (Figure 3C to E). BALF levels of pro-inflammatory cytokines IL-6, IL-1β and TNF-α as well
as fibrogenic growth factors transforming growth factor
(TGF) -β, platelet-derived growth factor (PDGF) and
osteopontin (OPN) were not increased 2 m after exposure
to Ge-imogolites and even to crocidolite (data not shown).
Total collagen accumulation assessed by measuring lung
OH-proline content was increased dose-dependently after
the administration of SW and DW Ge-imogolites as well
as after 2 mg crocidolite (Figure 3F). Compared to control
(NaCl), lung sections of animals treated with crocidolite
stained with hematoxylin and eosin (H&E) showed inflam-
mation, thicker alveolar walls and granulomas filled with
asbestos fibres (Figure 4A and S). In SW and DW-treated
lungs, numerous granulomas were observed in alveoli and
near bronchioles, inflammation being more diffuse with
DW (Figure 4G and M). In SW-treated lungs, macro-
phages were mostly concentrated in granulomas and le-
sions appeared more restricted whereas, in DW-treated
lungs, macrophages and foam cells were also found in the
alveolar spaces. Although alveolar spaces and walls outside
nodules seemed better preserved in SW-treated lungs
compared to DW, we observed similar surface areas
of lung parenchyma distorted by nodules with both Ge-
imogolites. Ge-imogolite- and asbestos-induced granu-
lomas were rich in thick collagen fibres as shown by
the Trichrome blue, Sirius Red and reticulin stainings
(Figure 4I-K, O-Q and U-W). Argyrophilic staining of
reticulinic fibres revealed organized ? smooth ? collagen
Figure 3 Ge-imogolites induce a persistent inflammatory and fibrotic lung response. Wistar rats were intra-tracheally instilled with NaCl
(controls), 2 mg crocidolite, 0.2 and 1 mg SW and DW Ge-imogolites. Inflammatory and fibrotic parameters were measured after 60 d. (A) Total
proteins in BALF. BAL number of (B) total cells, (C) macrophages, (D) neutrophils and (E) lymphocytes. (F) OH-proline lung content, measured
in lung homogenates. *P < 0.05, **P < 0.01 and ***P < 0.001 relative to control rats (Dunnett multiple comparisons test between NaCl and
Ge-imogolite-treated rats or t-test between NaCl and crocidolite-treated rats, n = 4, means ? SEM).
van den Brule et al. Particle and Fibre Toxicology 2014, 11:67 Page 5 of 11
http://www.particleandfibretoxicology.com/content/11/1/67fibres in granulomas and, even in alveoli, a thicker fibre
network than in control lungs. Periodic Acid-Schiff
(PAS) staining was noted in granuloma macrophages
and extracellular spaces of SW and DW lungs, suggest-
ing the accumulation of a glycoprotein-rich material
(Figure 4F, L, R and X).
Sixty days pulmonary samples (paraffin-embedded
lungs) were investigated to localize Ge-imogolites within
the lung. Ge was detected in SW and DW-treated lungs
by micro X-ray fluorescence (micro-XRF), but not incontrol sample (Figure 5A), and was mainly localized in
fibrotic alveolar areas (Figure 5D-E, H-I and L-M com-
pared to lung upper layer sections stained with H&E,
Figure 5F, J and N). X-ray absorption spectroscopy (XAS)
revealed that Ge detected in treated lung exhibited the
same local atomic structure as a reference Ge-imogolite
(Figure 5B and C). Indeed Ge K-edge EXAFS (extended
X-ray absorption fine structure) spectra of SW-, DW-
treated lungs and DW Ge-imogolite reference (i.e. with no
surface vacancy) were similar. The persistence of intact
Figure 4 Ge-imogolites induce a fibrotic lung response. Wistar rats were intra-tracheally instilled with NaCl (controls), 2 mg crocidolite, 1 mg
SW and DW Ge-imogolites. Lung histology was examined 60 d after exposure. (A-F) NaCl, (G-L) SW Ge-imogolites, (M-R) DW Ge-imogolites and
(S-X) crocidolite. Sections stained with H&E (A-B,G-H,M-N,S-T), Trichrome blue (C,I,O,U), Sirius Red (D,J,P,V), reticulin (E,K,Q,W), PAS (F,L,R,X).
Black and blue arrows indicate asbestos fibres and glycoprotein-rich areas, respectively.
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the poor in vitro solubility of Ge-imogolites (4% dissol-
ution at maximum) previously reported by some of us[21]. Ge-rich lung areas were 3D scanned at high spatial
resolution by X-ray computed micro-tomography (micro-
CT) and revealed the presence of brilliant zones. The high
Figure 5 (See legend on next page.)
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Figure 5 Ge-imogolites with intact local atomic structure are localized in fibrotic lung zones. Wistar rats were intra-tracheally instilled with
1 mg SW and DW Ge-imogolites (Ge-imo) or only with their vehicle (NaCl) for control lung. All analyses were performed on paraffin-embedded
lung cross sections obtained from animals sacrificed after 60 d. (A) micro-XRF sum spectra of lungs from rats instilled with NaCl, DW and SW
Ge-imogolites. Sum spectra are extracted from hyperspectral mapping of lung regions (shown in D-E, H-I, L-M). Spectra are intentionally
shifted along y-axis expressed in arbitrary unit. (B) XAS at Ge K-edge: radial distribution functions (RDF) of lungs from rats instilled with SW
and DW Ge-imogolites compared to RDF of a DW Ge-imogolite reference sample. (C) Theoretical structure of Ge-imogolite showing the
coordination environment around Ge: the first atomic shell is attributed to 4 oxygen atoms surrounding the Ge atom at 1,75 ? and the second
coordination sphere of Ge corresponds to Ge-Al atomic pairs (theoretical number of 6 Al neighbors around 3,27 ?). Micro-XRF maps (pixel size
of 104 μm) showing the distribution of S (D, H, L) and Ge (E, I, M) in NaCl (D-E), SW (H-I) and DW (L-M) treated lungs. Pulmonary zones are
S positive. Scans of lung upper layer sections stained with H&E from NaCl (F), SW (J) and DW (N) Ge-imogolite samples. Squares delimitate
Ge-rich areas selected for micro-CT. 2D virtual slices extracted from reconstructed micro-CT volume of NaCl (G), SW (K) and DW (O) Ge-imogolite
treated samples. White arrows indicate brilliant areas with high X-ray attenuation (attributed to the presence of Ge-imogolites).
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uted to the presence of Ge-imogolites in dense fibrotic
zones (Figure 5G, K and O). Since imogolites have a high
capacity to adsorb proteins [20] and because we observed
glycoprotein-rich material in granulomas (PAS staining),
the detection of Ge-imogolites in the same zones suggests
that Ge-imogolites can trap proteins and possibly other
molecules, leading to the formation of granulomas. Thus,
we have shown that a fraction of instilled Ge-imogolites
was persistent in the lung, remained chemically and struc-
turally intact and induced a sustained pulmonary inflam-
mation accompanied by a deep alveolar remodeling and
accumulation of extra-cellular matrix proteins. This re-
sponse was more severe, on a mass dose basis, than that
induced by crocidolite.
In a previous in vitro study on Ge-imogolites, we re-
ported a genotoxic response in dermal cells at non cyto-
toxic doses [21]. Thus, we assessed the in vivo genotoxic
activity of Ge-imogolites by evaluating the formation of
micronuclei (MN) in type II pneumocytes (AT-II) iso-
lated from rat lungs 3 d after Ge-imogolite administra-
tion. On the basis of the inflammatory data obtained 3 d
after exposure (Figure 1), non-inflammatory (0.02 mg/
rat) and strongly inflammatory (1 mg/rat) Ge-imogoliteFigure 6 Ge-imogolites induce genotoxicity in rat lungs. Wistar rats we
1 mg SW and DW Ge-imogolites. Micronuclei were assessed in isolated AEC
apoptotic cells and (C) ? micronucleated cells. **P < 0.01 and ***P < 0.001
NaCl and Ge-imogolite-treated rats or t-test between NaCl and WC-Co-treadoses were selected for this experiment. A separate
group of rats was also exposed to the hard metal parti-
cles WC-Co (5 mg/rat), a well-known genotoxic com-
pound in rat lung [22]. As expected, in vivo cytotoxicity
(LDH activity in BALF) and an increased frequency of
micronucleated AT-II (MN ? ) were induced after ex-
posure to WC-Co (Figure 6A and C). The lower dose of
SW and DW Ge-imogolites led to a significantly higher
MN ? than in control rats although it did not induce
significant alveolar cytotoxicity/inflammation (Figure 6A
and C). The higher dose of DW Ge-imogolites further
increased genotoxicity. A lower genotoxic response was
recorded after SW Ge-imogolites (1 mg) most probably
because of the high proportion of dead cells at this dose
(Figure 6B). The high level of necrosis in lungs of 1 mg
SW Ge-imogolite-treated rats was also shown by the re-
sults of BALF LDH activity (Figure 6A). Since genotoxic
effects were already recorded at non-inflammatory doses,
our data indicate that MN can, at least in part, result from
the primary genotoxic activity of Ge-imogolites, as re-
ported for fibres and CNT [23,24].
These results are consistent with the in vitro genotoxi-
city data (comet and micronucleus assays) obtained with
other Ge-imogolite nanotubes on human fibroblastsre intra-tracheally instilled with NaCl (controls), 5 mg WC-Co, 0.02 and
-II 3 d after exposure. (A) BALF LDH activity, (B) % of necrotic and
relative to control rats (Dunnett multiple comparisons test between
ted rats, n = 3, means ? SEM).
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toxicity were reported with synthesized Si-imogolites
[25]. While this may suggest a different toxicity between
Si- and Ge- imogolites, it might also reflect a discrep-
ancy between in vitro and in vivo results. Indeed, the
Ge-imogolites used in the present study only induced a
weak cytotoxicity on macrophages, epithelial cells and fi-
broblasts in vitro (not shown).
The fact that SW Ge-imogolites appeared more toxic
than DW at the same mass dose is consistent with the
higher SW tube number/g (or a higher specific external
surface SW Ge-imogolites) compared to DW (see
Table 1), suggesting that surface activity drives the toxic
response to Ge-imogolites. Mechanistically, several argu-
ments further support the idea that intact Ge-imogolite
structures, rather than their elementary components, are
responsible for long-term pulmonary effects: (i) intact
Ge-imogolite tubes were detected in lung fibrotic areas,
(ii) previous studies conducted with Ge metal [26] or Ge
oxide [27] did not report similar toxic responses, (iii)
contrary to CNT [28], residual catalysts can be excluded
as a cause of toxicity since Ge-imogolites are free of
such impurities. Furthermore, the overall stronger re-
sponse to Ge-imogolites and the higher specific external
surface of Ge-imogolites compared to crocidolite specific
surface area are consistent with the involvement of sur-
face activity in our study.
Conclusions
In conclusion, we showed for the first time that
nanometer-long Ge-imogolites persist in the deep lung
and promote inflammation, fibrosis and genotoxicity, in-
dicating that very short HARN can induce severe lung
toxicity. Our results highlight the necessity to assess the
respiratory hazard of HARN even with a length well
below the threshold of 5 μm identified for fibre-induced
pulmonary toxicity [1-3].
Methods
Ge-imogolites, crocidolite and WC-Co
Ge-imogolites were synthetized, quantified and charac-
terized as described in the Additional file 2. Respirable
crocidolite fibres were obtained from the Union Inter-
nationale Contre le Cancer (UICC, Geneva, Switzerland)
[29]. Hard metal (WC-Co) particles were described pre-
viously [22,30]. Crocidolite and WC-Co were first treated
at 200?C during 2 h to remove any possible trace of endo-
toxin. Ge-imogolites localization within treated-lungs and
determination of their local structure by X-ray techniques
are described in the Additional file 2.
Animals and treatments
Eight to ten week old female Wistar rats (200? 250 g)
were obtained from Janvier (St Berthevin, France) andhoused in positive pressure air-conditioned units (25?C,
50% relative humidity) on a 12 h light/dark cycle with
free access to water and laboratory animal food. Before
instillation, animals were anesthetized with a mix of
Ketalar (n.v. Warner-Lambert, Zaventem, Belgium) and
Rompun (Bayer, Leverkusen, Germany) (respectively 18
and 0.5 mg/rat i.p.). Ge-imogolites, crocidolite and WC-
Co were diluted or suspended in NaCl 0.9% and then,
serially diluted with the same saline solution. Rats were
intra-tracheally instilled into the lungs with 300 μl suspen-
sion. Control rats received a corresponding volume of
NaCl 0.9%. Animals were sacrificed at selected time points
with an overdose of sodium pentobarbital (30 mg/rat
given i.p.). The protocols of this investigation were ap-
proved by the local committee for animal research at the
Universit? catholique de Louvain, Comit? d'Ethique pour
l'Exp?rimentation Animale, Secteur des Sciences de la
Sant?.
Bronchoalveolar lavages (BAL) and organ/blood sampling
Blood was collected directly from the heart. BAL was
performed by cannulating the trachea and infusing the
lungs with 6 ml NaCl 0.9%. For collagen quantification,
whole lungs were then perfused with NaCl 0.9%, excised
and then placed in 6 ml cold PBS. For Ge quantification
(described in the Additional file 2), lungs, spleens, livers,
kidneys and brains were directly collected in cold PBS
without BAL and perfusion. Organs were homogenized
on ice with an Ultra-Turrax T25 (Janke and Kunkel,
Brussels, Belgium) and stored at −80?C. Lavages were
centrifuged 10 min at 400 g (4?C). Cell-free supernatants
were used for biochemical measurements and cell pellets
were resuspended in PBS. Total BAL cells were counted
and pelleted onto glass slides by cytocentrifugation for
differentiation by light microscopy after Diff-Quick stain-
ing (200 cells counted, Dade Behring AG, D?dingen,
Switzerland). Total proteins and lactate dehydrogenase
(LDH) activity were assayed on BAL fluids (BALF) as de-
scribed previously [31].
Quantification of total lung collagen and BAL cytokines
Collagen deposition was estimated by measuring hydroxy-
proline content in lung homogenates. Hydroxyproline was
assessed by high-pressure liquid chromatography analysis
on hydrolyzed lung homogenates (6 N HCl at 108?C dur-
ing 24 h) as previously described [32]. The following
ELISA were performed on BALF according to manufac-
turer ? s instructions (R&D System, Minneapolis, USA): rat
DuoSet (for IL-6, IL-1β and TNF-α) and rat Quantikine
(for TGF-β1, PDGF-AB and OPN). For determining the
influence of Ge-imogolites and crocidolite on the detec-
tion of BALF IL-6 and IL-1β in their respective ELISA,
standard cytokines were mixed with equivalent BALF vol-
umes from control (NaCl), SW and DW Ge-imogolites
van den Brule et al. Particle and Fibre Toxicology 2014, 11:67 Page 10 of 11
http://www.particleandfibretoxicology.com/content/11/1/67and crocidolite-treated rats and standard curves were
compared. BALF collected from rats exposed to 0.1 mg
SW and 0.2 mg DW Ge-imogolites were selected to assess
interferences between Ge-imogolites and ELISA because
the highest IL-1β levels were detected at these doses.
Histology
Paraffin-embedded lung sections were stained with
hematoxylin and eosin (H&E, nucleus and cytoplasm
staining), Masson ? s trichrome blue (collagen staining),
Sirius Red (type I collagen staining), reticulin (type III
collagen staining), Periodic Acid-Schiff (PAS, glycopro-
tein staining) for light microscopy examination. For
comparison with mXRF and microCT pictures, H&E
stained sections were scanned with the Leica SCN400
(Diegem, Belgium). Images were processed with Tissue
Image Analysis 2.0 (Leica).
Ex-vivo micronucleus assay on type II alveolar epithelial
cells
Type II alveolar epithelial cells (AEC-II) were collected
from lavaged and digested lungs 3 d after intra-tracheal
instillation as described in Additional file 2. Briefly, Fc
receptor negative cells were incubated 2 d at 37?C and
then stained with acridine orange prior to analysis with
a fluorescence microscope.
Statistics
Differences between NaCl and treated groups were eval-
uated using t tests or one-way analysis of variance,
followed by a Dunnett multiple comparisons test, as ap-
propriate. Statistical significance was considered at P <
0.05. Data analysis was performed with GraphPad Prism
version 3.03 (GraphPad Software, San Diego, USA).
Additional files
Additional file 1: Figure S1. Characterization of SW and DW
Ge-imogolites. (A-C) Calibrated scattered intensity (cm-1) as a function
of scattering vector q for the R=1.5 (SW) and R=2.5 (DW) Ge-imogolite
suspensions. The experimental curves are compared to scattering
models in order to determine the tube radius. (A) SW and DW models,
(B) SW Ge-imogolite compared to SW model and (C) DW Ge-Imogolite
compared to DW model. (D-F) AFM analysis of SW (D, F) and DW (E, F)
Ge-imogolites, (D, E) typical AFM pictures, (F) length distributions obtained
from the observation of 919 (SW) and 1650 (DW) randomly selected
nanotubes. Dotted lines indicate the AFM tip resolution in nm.
Additional file 2: Methods.
Additional file 3: Figure S2. Biopersistence of Ge-imogolites in rats
after intra-tracheal instillation. Wistar rats were intra-tracheally instilled
with 0.02 mg SW and DW Ge-imogolites (6 μg Ge). Ge was measured by
ICP-MS after organ or blood mineralization. Ge was quantified in lungs
directly after SW (A) or DW (B) Ge-imogolites installation (d 0) and after
15 and 60 d. Non-linear regression (one phase exponential decay) was
used to determine SW (R² = 0.883) and DW (R² = 0.824) Ge-imogolite
half-lives. *P < 0.05, **P < 0.01 and ***P < 0.001 relative to Ge-imogolite-
treated rats at d 0 (Dunnett multiple comparisons test, n = 3-6, means ?
SEM). Ge was quantified in blood 3 and 60 d (C) and in organs 60 d (D)after SW or DW Ge-imogolites instillation. Background values measured in
control rats (instilled with NaCl) were subtracted (n = 3-6, means ? SEM).
Abbreviations
AT-II: Type II pneumocytes; BAL: Bronchoalveolar lavage; BALF: BAL fluid;
CNT: Carbon nanotube; micro-CT: Computed micro-tomography; DW: Double
wall; EXAFS: Extended X-ray absorption fine structure; HARN: High aspect ratio;
H&E: Hematoxylin and eosin; ICP-MS: Inductively coupled plasma mass
spectrometry; LDH: Lactate dehydrogenase; MN: Micronuclei; MW: Molecular
weight; NM: Nanomaterial; PAS: Positive Periodic Acid-Schiff; PBS: Phosphate
buffered saline; RDF: Radial distribution function; SW: Single wall; XAS: X-ray
absorption spectroscopy; XRF: X-ray fluorescence.
Competing interests
The authors declare that they have no competing interests.
Authors ? contributions
SV and DL designed the experiments and co-wrote the paper, EB performed
most experiments and analyzed the data, PC, AA, CL and JR performed X-ray
analysis (micro-XRF, micro-CT, synchrotron-based XAS) and AFM mapping.,
WL participated in the genotoxicity experiments, SI and FU performed the Ge
quantifications by ICP-MS, MP and YY instilled animals and collected samples,
EM performed lung histology, AT synthetized imogolites and performed SAXS
analysis, VH and JR contributed in experimental design. All authors read and
approved the final manuscript.
Acknowledgements
We warmly thank Dr C. Bouzin for her help with histological slide scanning.
The authors are also thankful to I. Kieffer and J-L. Hazemann in charge of the
FAME beamline (BM30b -ESRF-FRANCE). This work was funded by the
?Investissements d ?Avenir? French Government program of the French
National Research Agency (ANR) through the French X-ray CT platform
called Nano-ID (EQUIPEX project ANR-10-EQPX-39-01). Support for part of
this work was provided by ANSES within the French National Program
? Environmental and Occupational Health? (Programme national de recherche
Environnement- Sant? Travail) for the project EST-2010/2/016 ? Nanotox- IMO? .
Author details
1Louvain centre for Toxicology and Applied Pharmacology, Universit?
catholique de Louvain, Avenue E. Mounier 52 - bte B1.52.12, 1200 Brussels,
Belgium. 2CEREGE, Aix Marseille Universit?, CNRS, IRD, UM34, UMR 7330,
Europole de l ? arbois - BP 80, 13545 Aix en Provence, France. 3De Duve
Institute, Universit? catholique de Louvain, Avenue Hippocrate 75 - bte
B1.75.02, 1200 Brussels, Belgium. 4Laboratoire Interdisciplinaire sur
l ?Organisation Nanom?trique et Supramol?culaire, CEA Saclay, 91191 Gif sur
Yvette, France. 5iCEINT, International Consortium for the Environmental
Implications of Nanotechnology, CNRS, Duke University, 13545 Aix en
Provence, France. 6Department of Clinical Chemistry, Cliniques Universitaires
Saint-Luc, Universit? catholique de Louvain, Avenue Hippocrate 10, 1200
Brussels, Belgium.
Received: 25 July 2014 Accepted: 13 November 2014
References
1. Poland CA, Duffin R, Kinloch I, Maynard A, Wallace WA, Seaton A, Stone V,
Brown S, Macnee W, Donaldson K: Carbon nanotubes introduced into the
abdominal cavity of mice show asbestos-like pathogenicity in a pilot
study. Nat Nanotechnol 2008, 3:423? 428.
2. Schinwald A, Murphy FA, Prina-Mello A, Poland CA, Byrne F, Movia D, Glass
JR, Dickerson JC, Schultz DA, Jeffree CE, Macnee W, Donaldson K: The
threshold length for fiber-induced acute pleural inflammation: shedding
light on the early events in asbestos-induced mesothelioma. Toxicol Sci
2012, 128:461 ? 470.
3. Schinwald A, Chernova T, Donaldson K: Use of silver nanowires to determine
thresholds for fibre length-dependent pulmonary inflammation and
inhibition of macrophage migration in vitro. Part Fibre Toxicol 2012, 9:47.
4. Vietti G, Ibouraadaten S, Palmai-Pallag M, Yakoub Y, Bailly C, Fenoglio I,
Marbaix E, Lison D, van den Brule S: Towards predicting the lung fibrogenic
van den Brule et al. Particle and Fibre Toxicology 2014, 11:67 Page 11 of 11
http://www.particleandfibretoxicology.com/content/11/1/67activity of nanomaterials: experimental validation of an in vitro fibroblast
proliferation assay. Part Fibre Toxicol 2013, 10:52.
5. Wang P, Nie X, Wang Y, Li Y, Ge C, Zhang L, Wang L, Bai R, Chen Z, Zhao Y,
Chen C: Multiwall Carbon Nanotubes Mediate Macrophage Activation
and Promote Pulmonary Fibrosis Through TGF-beta/Smad Signaling
Pathway. Small 2013, 9:3799 ? 3811.
6. Murphy FA, Schinwald A, Poland CA, Donaldson K: The mechanism of
pleural inflammation by long carbon nanotubes: interaction of long
fibres with macrophages stimulates them to amplify pro-inflammatory
responses in mesothelial cells. Part Fibre Toxicol 2012, 9:8.
7. Murphy FA, Poland CA, Duffin R, Donaldson K: Length-dependent pleural
inflammation and parietal pleural responses after deposition of carbon
nanotubes in the pulmonary airspaces of mice. Nanotoxicology 2013,
7:1157? 1167.
8. Donaldson K, Murphy FA, Duffin R, Poland CA: Asbestos, carbon
nanotubes and the pleural mesothelium: a review of the hypothesis
regarding the role of long fibre retention in the parietal pleura,
inflammation and mesothelioma. Part Fibre Toxicol 2010, 7:5.
9. Liu G, Cheresh P, Kamp DW: Molecular basis of asbestos-induced lung
disease. Annu Rev Pathol 2013, 8:161? 187.
10. Guimaraes L, Enyashin AN, Frenzel J, Heine T, Duarte HA, Seifert G:
Imogolite nanotubes: stability, electronic, and mechanical properties.
ACS Nano 2007, 1:362 ? 368.
11. Levard C, Rose J, Masion A, Doelsch E, Borschneck D, Olivi L, Dominici C,
Grauby O, Woicik JC, Bottero JY: Synthesis of large quantities of single-walled
aluminogermanate nanotube. J Am Chem Soc 2008, 130:5862? 5863.
12. Thill A, Maillet P, Guiose B, Spalla O, Belloni L, Chaurand P, Auffan M, Olivi L,
Rose J: Physico-chemical control over the single- or double-wall structure
of aluminogermanate imogolite-like nanotubes. J Am Chem Soc 2012,
134:3780 ? 3786.
13. Maillet P, Levard C, Larquet E, Mariet C, Spalla O, Menguy N, Masion A,
Doelsch E, Rose J, Thill A: Evidence of double-walled Al-Ge imogolite-like
nanotubes. a cryo-TEM and SAXS investigation. J Am Chem Soc 2010,
132:1208 ? 1209.
14. Yang HX, Wang C, Su ZH: Growth mechanism of synthetic imogolite
nanotubes. Chem Mater 2008, 20:4484 ? 4488.
15. Oberdorster G, Cox C, Gelein R: Intratracheal instillation versus
intratracheal-inhalation of tracer particles for measuring lung clearance
function. Exp Lung Res 1997, 23:17? 34.
16. Oyabu T, Myojo T, Morimoto Y, Ogami A, Hirohashi M, Yamamoto M,
Todoroki M, Mizuguchi Y, Hashiba M, Lee BW, Shimada M, Wang WN, Uchida
K, Endoh S, Kobayashi N, Yamamoto K, Fujita K, Mizuno K, Inada M, Nakazato T,
Nakanishi J, Tanaka I: Biopersistence of inhaled MWCNT in rat lungs in a
4-week well-characterized exposure. Inhal Toxicol 2011, 23:784? 791.
17. Shvedova AA, Kapralov AA, Feng WH, Kisin ER, Murray AR, Mercer RR, St
Croix CM, Lang MA, Watkins SC, Konduru NV, Allen BL, Conroy J, Kotchey
GP, Mohamed BM, Meade AD, Volkov Y, Star A, Fadeel B, Kagan VE:
Impaired clearance and enhanced pulmonary inflammatory/fibrotic
response to carbon nanotubes in myeloperoxidase-deficient mice.
PLoS One 2012, 7:e30923.
18. Wada K, Henmi T, Yoshinaga N, Patterson S: Imogolite and allophane
formed in saprolite of basalt on Maui, Hawaii. Clay Clay Miner 1972,
20:375? 380.
19. Inoue N, Otsuka H, Wada SI, Takahara A: (Inorganic Nanofiber/Enzyme)
hybrid hydrogel: preparation, characterization, and enzymatic activity of
Imog olite/Pepsin conjugate. Chem Lett 2006, 35:194 ? 195.
20. Ishikawa K, Akasaka T, Abe S, Yawaka Y, Suzuki M, Watari F: Application of
imogolite, alumino-silicate nanotube, as Scaffold for the mineralization
of osteoblasts. Bioceram Dev Appl 2011, 1:1? 3.
21. Liu W, Chaurand P, Di GC, De MM, Thill A, Auffan M, Masion A, Borschneck
D, Chaspoul F, Gallice P, Botta A, Bottero JY, Rose J: Influence of the length
of imogolite-like nanotubes on their cytotoxicity and genotoxicity toward
human dermal cells. Chem Res Toxicol 2012, 25:2513 ? 2522.
22. De Boeck M, Hoet P, Lombaert N, Nemery B, Kirsch-Volders M, Lison D:
In vivo genotoxicity of hard metal dust: induction of micronuclei in rat
type II epithelial lung cells. Carcinogenesis 2003, 24:1793 ? 1800.
23. Schins RP: Mechanisms of genotoxicity of particles and fibers. Inhal
Toxicol 2002, 14:57? 78.
24. Kisin ER, Murray AR, Sargent L, Lowry D, Chirila M, Siegrist KJ, Schwegler-
Berry D, Leonard S, Castranova V, Fadeel B, Kagan VE, Shvedova AA:
Genotoxicity of carbon nanofibers: are they potentially more or lessdangerous than carbon nanotubes or asbestos? Toxicol Appl Pharmacol
2011, 252:1? 10.
25. Rotoli BM, Guidi P, Bonelli B, Bernardeschi M, Bianchi MG, Esposito S,
Frenzilli G, Lucchesi P, Nigro M, Scarcelli V, Tomatis M, Zanello PP, Fubini B,
Bussolati O, Bergamaschi E: I: An Aluminosilicate Nanotube Endowed with
Low Cytotoxicity and Genotoxicity. Chem Res Toxicol 2014, 27:1142 ? 1154.
26. Arts JH, Reuzel PG, Falke HE, Beems RB: Acute and sub-acute inhalation
toxicity of germanium metal powder in rats. Food Chem Toxicol 1990,
28:571? 579.
27. Arts JH, Til HP, Kuper CF, de Neve R, Swennen B: Acute and subacute
inhalation toxicity of germanium dioxide in rats. Food Chem Toxicol 1994,
32:1037? 1046.
28. Guimaraes L, Pinto YN, Lourenco MP, Duarte HA: Imogolite-like nanotubes:
structure, stability, electronic and mechanical properties of the phosphorous
and arsenic derivatives. Phys Chem Chem Phys 2013, 15:4303 ? 4309.
29. Muller J, Delos M, Panin N, Rabolli V, Huaux F, Lison D: Absence of
carcinogenic response to multiwall carbon nanotubes in a 2-year bioassay
in the peritoneal cavity of the rat. Toxicol Sci 2009, 110:442 ? 448.
30. Lison D, Laloy J, Corazzari I, Muller J, Rabolli V, Panin N, Huaux F, Fenoglio I,
Fubini B: Sintered indium-tin-oxide (ITO) particles: a new pneumotoxic
entity. Toxicol Sci 2009, 108:472 ? 481.
31. Arras M, Huaux F, Vink A, Delos M, Coutelier JP, Many MC, Barbarin V,
Renauld JC, Lison D: Interleukin-9 reduces lung fibrosis and type 2 immune
polarization induced by silica particles in a murine model. Am J Respir Cell
Mol Biol 2001, 24:368? 375.
32. Biondi PA, Chiesa LM, Storelli MR, Renon P: A new procedure for the
specific high-performance liquid chromatographic determination of
hydroxyproline. J Chromatogr Sci 1997, 35:509? 512.
doi:10.1186/s12989-014-0067-z
Cite this article as: van den Brule et al.: Nanometer-long Ge-imogolite
nanotubes cause sustained lung inflammation and fibrosis in rats.
Particle and Fibre Toxicology 2014 11:67.Submit your next manuscript to BioMed Central
and take full advantage of: 
? Convenient online submission
? Thorough peer review
? No space constraints or color ?gure charges
? Immediate publication on acceptance
? Inclusion in PubMed, CAS, Scopus and Google Scholar
? Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
